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Abstract: We report a versatile method based on seed- - ’
mediated growth for the facile synthesis of trimetallic g &8 “ % 3 , IJ H:0;
Pd@Pt,Au;— core-shell nanocubes. By simply varying the . b :
feeding ratio between the Pt(II) and Au(Ill) precursors, the
atomic ratio of Pt to Au in the shell and thereby the ensemble
state of Pt atoms on the surface can be tuned to control the
binding configuration of O, molecules. Specifically, discrete
Pt atoms on the surface promote the adsorption of O, -
molecules in the Pauling configuration to enhance the catalytic selectivity of the nanoparticles toward H,O, via the
two-electron oxygen reduction reaction, with the Pd@Pto 025Auo.975s nanocubes showing selectivity as high as 91% at
0.45 Vrug. This work offers a viable means to augment the electrocatalytic performance of alloy nanocrystals by
controlling their surface compositions.
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1. Introduction

Electrochemical production of industrially valuable chemicals offers a viable way to fight the ever-increasing
global climate crisis [1]. To this end, electrochemical synthesis of hydrogen peroxide (H>O.), a reagent widely
used in healthcare, chemical synthesis, and paper bleaching sectors [2], has received great interest in recent years
due to its reduced production of wastes and potentially lower cost than the commercial anthraquinone oxidation
process [3]. Specifically, the oxygen reduction reaction (ORR) offers a promising route to the electrochemical
production of H,O,. The success of this process critically depends on the availability of an electrocatalyst with high
selectivity toward H>O» because of the two competing pathways that involve two and four electrons (2e” vs. 4¢°),
respectively, to produce H,O» and H,O [3-5].

Various types of electrocatalysts have been explored to achieve 2e” ORR [6—8], among which Pt- and Pd-
based nanocrystals have proven to be the most successful candidates as they exhibit high activity toward ORR. In
a prior study, our group developed a synthesis of bimetallic Pd@PdxAu,-« core-shell nanocubes and demonstrated
variation of Pd to Au ratio as an effective way to enhance selectivity toward 2e” ORR [9]. In the present work, we
seek to replace the Pd with Pt because the latter is known to have a higher activity toward ORR and has found
commercial use in proton-exchange membrane fuel cells (PEMFCs) [10]. Similar to Pd, an extended surface made
of Pt has a low selectivity toward 2e” ORR [11], primarily due to the involvement of unfavorable intermediates.
Specifically, the binding configuration of O, molecule has a direct impact on the type of intermediate and thus the
ORR pathway. During ORR, O, molecules is expected to adsorb onto the metal surface to form *OOH (which
then transforms to H>O,) or undergo O-O cleavage to generate *O. Typically, the adsorption of O on a surface
can take three different configurations: Pauling type (end-on coordination to one metal atom), Griffith type (side-on
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coordination to one metal atom), and Yeager type (side-on bridge coordination to two adjacent metal atoms) [12].
Theoretical calculations suggest that the formation of *O species is thermodynamically favored on Pt{100} facets
involving an array of touching Pt atoms [13,14]. As a result, it is critical to maintain Pt as discrete atoms on the
surface to prevent the formation of *O species and thus augment the selectivity toward H,O,. To this end, coating
the surface of a Pt catalyst with amorphous carbon was explored to limit the formation of large Pt ensembles and
thus promote the Pauling type adsorption, enhancing the selectivity toward H>O» [15]. Alloying Pt with another
host metal has also proven to be effective in generating isolated Pt atoms on the surface [16]. In this approach,
Siahrostami et al. have evaluated the performance of over 30 Pt-based alloys toward 2e” ORR using density
functional theory (DFT) calculation and identified PtHg4 as a promising candidate [13]. However, the high toxicity
of Hg limits the large-scale use of such catalysts. Alternatively, Brimaud et al. reported that the use of a Au-rich
surface could shift the catalytic properties of Pt and thus increase its tendency toward H,O, formation when tested
with a model monolayer system [17]. Our previous work also demonstrated that co-deposition of Pd and Au atoms
at different atomic ratios offered an effective means to improve the dispersity of Pd atoms on the surface and thus
boost the selectivity toward 2e” ORR [9].

Herein, we report the synthesis and characterizations of trimetallic Pd@PtyAu;—« core-shell nanocubes with
high selectivity toward H,O, by controlling the ensemble state of Pt atoms on the surface. We synthesized Pd
nanocubes by reducing Na,PdCls in an aqueous solution, followed by co-titration of an aqueous mixture of K,PtCly
and HAuCl, to simultaneously deposit Pt and Au on the Pd seeds. The feeding ratio between the Pt(I) and Au(III)
precursors can be conveniently varied to control the ensemble state of Pt atoms on the surface. For convenience,
the products are denoted by the feeding molar ratio between the Pt(IT) and Au(IIl) precursors. For example, the
Pd@Pto.025Au0.975 sample indicates that the molar ratio of Pt(II) to Au(Ill) precursors is set to 0.025:0.975 during
the synthesis. Our results indicate that the Pd@Pto.025Au0.975s nanocubes have high (over 75%) selectivity toward
H>0; in the potential range of 0.05-0.45 Vrug, much augmented than the commercial Pt/C catalyst.

2. Materials and Methods

2.1. Chemicals and Materials

Sodium tetrachloropalladate (Na,PdCls), potassium tetrachloro-platinate(Il) (K,PtCls), gold(IIl) chloride
trihydrate (HAuCly-3H,0), L-ascorbic acid (AA), poly(vinyl pyrrolidone) (PVP, MW = 55,000) and potassium
bromide (KBr) were all obtained from Sigma-Aldrich (St. Louis, MO, USA) and used as received. Deionized (DI)
water with a resistivity of 18.2 MQ-cm at room temperature was used for all the experiments.

2.2. Synthesis of the 10-nm Pd Nanocubes Serving as Seeds

The nanocubes were synthesized according to our previously published protocol [18]. In a typical process,
105 mg of PVP (MW = 55,000), 60 mg of AA, and 300 mg of KBr were dissolved in 8 mL of water, preheated at
80 °C for 30 min, and 3 mL of aqueous Na,PdCl, (19 mg-mL™") was added in one shot. The reaction was allowed
to proceed for 3 h. The solid products were collected by centrifugation, washed twice with ethanol and once with
water, and then dispersed in water for further use.

2.3. Synthesis of Pd@Pt.Au;-. Core-Shell Nanocubes

In a standard protocol, 66.5 mg of PVP (MW = 55,000), 30 mg of AA and 19 mg of KBr were dissolved in
2.8 mL of water, and 0.3 mL of 10-nm Pd nanocubes was added as the seeds (1.34 mg-mL"! as determined using
ICP-MS). The mixture was preheated at 95 °C for 30 min. Different volumes of aqueous HAuCl; (40 mM) and
aqueous KyPtCly (6.09 mM) were mixed in 10 mL of water. The specific volumes are 19 pL of aqueous HAuCl4
for Pd@Au core-shell nanocubes, 18.52 uL. of aqueous HAuCl, solution and 3.1 puL of aqueous K,PtCly for
Pd@Pto.025Au0975, 18.05 pL of aqueous HAuCly and 6.2 pL of aqueous K,PtCly for Pd@Pto.osAuoes, and 17 pL of
aqueous HAuCly and 12.4 pL of aqueous K,PtCly for Pd@Pty.1Auge. For the synthesis of each sample, 4 mL of
the mixture was injected into the reaction solution at a rate of 1 mL-h™!, and the reaction was allowed for another
10 min after the injection. The solid products were collected by centrifugation, washed twice with ethanol and
once with water, and then dispersed in water for further use.

2.4. Characterizations

Transmission electron microscopy (TEM) images were taken using a Hitachi HT7700 microscope (Hitachi
High-Technologies Corporation, Tokyo, Japan) operated at 120 kV. The elemental compositions of the samples
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were determined using an inductively-coupled plasma mass spectrometer (ICP-MS, NexION 300 Q, PerkinElmer,
Waltham, MA, USA). X-ray photoelectron spectroscopy (XPS) analyses were conducted using Thermo K-Alpha
(Thermo Fisher Scientific, Waltham, MA, USA). Scanning transmission electron microscopy (STEM) images and
energy- dispersive X-ray (EDX) spectroscopy data were acquired on a transmission electron microscope (FEI
Tecnai F30 (FEI Company, Hillsboro, OR, USA; now part of Thermo Fisher Scientific)) equipped with a EDX
detector. The high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images
were captured using Hitachi HD 2700 (Hitachi High-Technologies Corporation, Tokyo, Japan) at an acceleration
voltage of 200 kV. The samples for TEM analysis were prepared by drop casting the dispersions of nanoparticles
on carbon-coated Cu grids, followed by drying under ambient conditions.

2.5. Preparation of a Working Electrode

The catalyst ink was prepared by mixing the as-prepared nanocrystals and carbon black (VXC72R, Cabot
Corporation (Boston, MA, USA)) in ethanol under ultrasonication in an ice bath for 3 h. The carbon-supported
catalyst was collected by centrifugation, and 1 mg of the catalyst was re-dispersed in 1 mL of water and isopropanol
mixture (VH,O/VIPA = 4/1) containing 10 pL Nafion (5% solution, Sigma-Aldrich). The metal contents in the
ink were determined using ICP-MS. To benchmark the performance of Pd@PtAu,-, a commercial Pt/C catalyst
was used as the reference (3.2-nm Pt particles supported on Vulcan XC72, Premetek Co. (Cherry Hill, NJ, USA),
with a Pt loading of 20 wt. %). The ink was prepared by mixing 2 mg of Pt/C, 1 mL of water, 1 mL of isopropanol,
and 10 pL of Nafion under ultrasonication for 30 min. The working electrode was prepared by polishing with 0.3-
pum Al,Os slurry, washed with ethanol and water, and then polished by 0.05-pm ALOs slurry, followed by washing
with ethanol and water. A proper amount of the suspension (10 pL) was deposited on a pre-cleaned glassy carbon
rotating ring-disk electrode (RRDE, Pine Research Instrumentation (Durham, NC, USA)) with a geometric area
0f 0.237 cm? and then dried in air to give a total metal loading of around 2 pg.

2.6. Electrochemical Measurements

The electrochemical measurements were performed in a standard three-electrode cell using a WaveDriver
200 EIS Biopotentiostat electrochemical workstation. A standard size single junction Ag/AgCl reference electrode
(+199 mV vs. NHE, PINE Research) and a Pt wire in a fritted isolation tube served as reference and counter
electrodes. An aqueous HClO, solution (Baker) with a concentration of 0.1 M was used as an electrolyte. The
catalyst was pre-cleaned by cycling between 0.05-1.20 Vryg at a sweeping rate of 100 mV/s for 20 times. The
cyclic voltammetry (CV) curve was then measured in an Ar-saturated electrolyte solution in the potential range of
0.05-1.00 Vrue at a scan rate of 50 mV/s. The polarization curve was measured by the disk electrode for reducing
oxygen and the ring electrode for oxidizing the hydrogen peroxide produced on the disk electrode. The linear
sweep voltammetry (LSV) curve was measured at room temperature in the potential range of 0.05-1.00 Vrgg in
an O,-saturated electrolyte solution at 10 mV/s and a rotating speed of 1600 rpm. The collection efficiency (N)
was 25.6% and the ring current was kept constant at 1.20 Vryg to oxidize the hydrogen peroxide. The accelerated
durability test (ADT) was performed by cyclic voltammetry in the potential range of 0.05-1.00 Vryg in an O,-
saturated 0.1 M HCIlO; solution for 1000 cycles.

The H,0, yield and electron transfer number for all samples were calculated using the following equations:

n =4 Ip/(Ip + Iz/N), (D

H,0; Selectivity = 200 x 2 It/[N x (Ip + Ie/N)], )

where Iz is the ring current, Ip is the disk current, N is the electron collection efficiency (25.6%), and n is the
electron transfer number.

3. Results and Discussion

We began with the synthesis of Pd cubic seeds enclosed by {100} facets by reducing Na,PdCl, in an aqueous
solution at 80 °C, with ascorbic acid (AA) serving as a reductant [18]. Poly(vinyl pyrrolidone) (PVP) was also added
as a colloidal stabilizer to prevent the nanocrystals from aggregation, together with the Br™ ions from KBr to selectively
cap the {100} facets [19]. The Pd cubic seeds had an average edge length of 9.5 + 1.5 nm (see Supplementary Materials
Figure S1A). A syringe pump was then used to titrate an aqueous HAuCly solution into the reaction mixture
containing the Pd cubic seeds, AA, PVP, and KBr to generate PdA@Au core-shell nanocubes. As shown in
Supplementary Materials Figure S1B, the average edge length of the core-shell nanocubes was increased to
11.8+1.4 nm, corresponding to a Au shell of ca. 1 nm in thickness, or 4-5 atomic layers. Supplementary Materials
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Figure S1C shows a typical high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) image of the core-shell nanocubes, confirming a shell thickness of about 4 atomic layers. The lattice
spacing in the shell was measured to be 0.208 nm, consistent with the lattice spacing, 0.204 nm of (200) planes of
face-centered cubic Au.

Incorporation of Pt atoms into the Au shell was achieved by titrating an aqueous mixture of KoPtCls and HAuCly
into the growth solution (see Supplementary Materials for details). Since the precursors were added dropwise, the
reduction of Pt(I) and Au(III) precursors should undergo a steady state during the deposition process [20]. Therefore,
the Pt:Au atomic ratio in each layer of the shell should be similar. Supplementary Materials Figure S2 shows TEM
images of the Pd@Pt:Au;x nanocubes with different Pt to Au atomic ratios denoted by the feeding molar ratio
between the two precursors. Figure 1A shows a transmission electron microscopy (TEM) image of the
Pd@Pto.025Au0.975 core-shell nanocubes. Figure 1B shows energy-dispersive X-ray (EDX) spectroscopy line scans
of a single nanocube along the red arrow in the inset. The outer region (in yellow color) exhibited stronger Au
signals when compared to the inner region (in blue color), indicating that the Au atoms were confined to the shell.
The presence of Pt signals confirmed the successful incorporation of Pt. Since only a trace amount of Pt was
incorporated into the shell of this sample, the Pt signals were extremely low in intensity.
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Distance (nm)
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Figure 1. Characterizations of the Pd@Pto.o2sAuo.975 core-shell nanocubes. (A) TEM image of the core-shell
nanocubes and (B) EDX line scans along the red arrow on a STEM image shown in the inset.

To derive the average percentage of Pt in the shell, we conducted inductively-coupled plasma mass
spectroscopy (ICP-MS) analysis of the sample and the data indicated that the Pt to Au atomic ratio in the shell was
0.001:0.999 (Supplementary Materials Table S1). The ICP-MS data also confirmed that with an increase in the
feeding ratio between Pt(II) and Au(IIl) precursors from 0.025:0.975 to 0.1:0.9, the atomic ratio of Pt to Au in the
shell also increased from 0.001:0.999 to 0.027:0.973. This trend implies that changing the feeding ratio of the
precursors offers an effective means to tune the elemental composition of the shell. The difference between the
feeding ratio and the exact atomic ratio determined by ICP-MS can be attributed to the variation in reduction rate
between Pt(II) and Au(IIl) precursors during the synthesis. The X-ray photoelectron spectroscopy (XPS) data also
confirmed the presence of Pt (Figure 2A). As expected, all the samples exhibited strong Pd 3d signals, together
with Au 4f signals, as shown in Figure 2B,C, respectively. It should be noted that the position of the Au 4f peak
was red-shifted due to the electron transfer between Au and Pt, and a detailed explanation will be given in the
subsequent section. For the Pt 4f spectra (Figure 2D), the Pd@Pto.025Au0.975s nanocubes did not show obvious Pt
signals due to the extremely low amount of Pt in this sample. As the feeding ratio of Pt(II) to Au(IIl) precursors
was increased, the Pt 4f peaks became more pronounced, consistent with the ICP-MS result. Notably, strong Br
3d peaks were observed (red dashed line), which could be attributed to the use of KBr in the synthesis and thus
the chemisorption of Br ions on the {100} facets.

To prepare electrocatalysts, the core-shell nanocubes were loaded on carbon black by mixing in ethanol under
ultrasonication. The particles maintained their cubic shape after ultrasonication, as shown by the TEM images in
Supplementary Materials Figure S3B—D. We first obtained cyclic voltammetry (CV) curves of the different catalysts
in an Ar-saturated 0.1 M HClOj4 solution after 20 cycles. As shown in Figure 3A, we observed the typical hydrogen
adsorption/desorption peaks of Pt in the range of 0.10—0.30 Vryg, as well as the negative Pt-O formation and removal
peaks in the range of 0.50—0.80 Vgyg for all the samples [21]. We then evaluated the electrochemical performance
of the different catalysts toward 2e” ORR by measuring their polarization curves in the range of 0.05-1.00 Vgrug
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in an O,-saturated electrolyte solution using a rotation ring-disk electrode (RRDE). In this case, the disk electrode
reduced oxygen while the ring electrode oxidized the H»>O, just formed on the disk electrode. We benchmarked
the selectivity of the catalysts toward H,O, against a commercial Pt/C catalyst. Figure 3B shows the polarization
curves of different samples. The theoretical onset potential for 2e” ORR is 0.70 Vrug (O+2H+2¢™ — H,0, E© =
0.70 Vrue) [17]. For the commercial Pt/C catalyst, the onset potential was 0.94 Vryg, indicating the dominance of
the 4e- ORR pathway. Compared to the other samples, the onset potentials of the Pd@PtoosAuges and
Pd@Pt0.025A 0,975 nanocubes were 0.60 Vrpug and 0.45 Vrug, respectively, indicating the effective suppression of the
4e” ORR pathway by alloying the Pt with Au. As shown by the results in Figure 3B, the catalytic performance of
the Pd@Au nanocubes was relatively low compared to other samples containing Pt. This can be attributed to the
involvement of different reaction intermediates. For the Pd@Au nanocubes, theoretical calculation has shown that
the interaction between the Au{100} facets and O, molecules is weak and the rate-determining step (RDS) in ORR
is the adsorption of the O, molecules [22,23], and the sluggish kinetics for the adsorption of O, molecules
compromises the catalytic activity. Compared to Au, the interaction between Pt sites and O, molecules is much
stronger, so the incorporation of Pt into the Au shell promotes the overall activity of ORR.
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Figure 2. XPS spectra of the Pd cubic seeds and Pd@PtxAui— core-shell nanocubes. (A) Survey spectra; (B) spectra
of Pd 3d; (C) spectra of Au 4f; and (D) spectra of Pt 4f. The color scheme in (A) applies to all panels.

To further evaluate the catalytic performance, we calculated the selectivity toward H,O, using Equation (1).
As shown in Figure 3C, the selectivity toward 2e” ORR for the commercial Pt/C catalyst (purple trace) was below
20%, primarily due to the preferential Yeager type adsorption of O, molecules on the surface of an extended Pt
surface. In contrast, the selectivity of the Pd@Pto.1Auo9 nanocubes was increased to ca. 40%. The increase in
selectivity relative to Pt/C confirmed that by decreasing the ratio of Pt to Au in the alloy shell, the adsorption mode
of O, molecules could be switched from the Yeager to the Pauling type, promoting 2e” ORR. Additionally, when
the feeding ratio between Pt(II) and Au(Ill) precursors was reduced from 0.1:0.9 to 0.025:0.975, the selectivity
was increased from 40% to 80% in the range of 0.20-0.45 Vgme. Significantly, the selectivity of the
Pd@Pto.025Au0.975 nanocubes toward H,O, production could be maintained over 77% in the range of 0.05-0.45 Vg,
together with a maximum value of 91% at 0.45 Vgrye. This increase in selectivity could be ascribed to the favorable
Pt ensembles state in the alloy shell. In general, the Au atoms in the alloy can lengthen the average Pt-Pt distance,
boosting Pauling-type adsorption for the O, molecules and thus promoting the selectivity toward H,O,.
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Figure 3. Electrocatalytic measurements of the Pd@Pt<Aui1—« nanocubes and commercial Pt/C catalyst. (A) Cyclic
voltammograms in an Ar-saturated 0.1 M HClO4 solution; (B) polarization curves recorded using RRDE in an Oz-
saturated 0.1 M HClO4; (C) comparison of H202 selectivity; and (D) comparison of electron transfer number n.
The color scheme in (A) applies to all panels.

We also calculated the electron transfer number (n) during ORR using Equation (2). As shown in Figure 3D,
the electron transfer number of the commercial Pt/C catalyst was above 3.5 in the range of 0.05-0.70 Vrgg,
implying the dominance of the 4¢” ORR pathway. In contrast, the value dropped to ca. 3 for Pd@Pto.0sAuo9s and
Pd@Pto.1Augs nanocubes, suggesting that there was a mixing in pathway between 2e™ and 4e” ORR. For the
Pd@Pto.025Au0.975s nanocubes, the electron transfer number was close to 2, indicating the dominance of the 2¢” ORR
pathway. Overall, the calculated electron transfer numbers were consistent with their selectivity toward H,O».

The catalytic performance was found to be related to the electronic state of elements in the nanocrystals. To
further understand the mechanism behind, a detailed analysis of XPS peaks of all the samples is summarized in
Table S2. For the Pd@Au nanocubes, the Au 4f spectrum had peaks at 86.1 and 82.4 eV, corresponding to Au
4£5/2 and 417/2, respectively. Interestingly, increasing the amount of Pt in the Au shell to Pto025Au.975 red-shifted
the Au 4f peaks to 85.9 and 82.2 eV, respectively. The red shifts could be ascribed to an increase in electron density
for Au. Since Au is more electronegative than Pt (electronegativity: Au/2.54 and Pt/2.28), there was a net charge
transfer from Pt atoms to Au atoms. For 2e” ORR, the direct binding between Pt and O, molecules was strong,
making the desorption of *OOH to form H,O, the rate-determining step. The charge transfer from Pt atoms to Au
atoms leads to the decrease of electron density on Pt, thereby weakening the interaction between Pt and
intermediate *OOH, as well as reducing the activation energy for the rate-determining step [24-26]. As a result,
the 2¢” ORR pathway was preferred and hence the augmentation in selectivity toward H,O,.

We further evaluated the stability of the Pd@Pto.025Aug.975s nanocubes through an accelerated durability test
(ADT) by applying continuous cycling for up to 1000 cycles between 0.05-1.00 Vryg in an O-saturated 0.1 M
HCIO; solution. Figure 4A,B, shows the selectivity toward H,O» and the electron transfer number of the sample
before and after ADT, respectively. After ADT, the selectivity toward H,O, dropped to below 40% while the
electron transfer number increased to ca. 4. This result indicates possible changes to surface composition and/or
particle shape during the ADT process. Figure 4C,D, shows HAADF-STEM images of the Pd@Pto.o25Au0.975
nanocubes after 1000 cycles of ADT. The project profiles of the nanocubes became rounded, implying that their
corners and edges were truncated during ADT. Such truncations could be attributed to the potential surface
reconstruction of atoms, leading to the formation of Pd-Au-Pt alloy, which was supposed to be thermodynamically
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more favorable [27]. This alloying effect would push the Pd atoms to the surface of the particle, promoting the
Yeager type adsorption of O, molecules and thus compromising the selectivity toward 2e” ORR.
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Figure 4. Stability test of the Pd@Pto.025Au0.975 nanocubes. (A) Selectivity toward H>O2 in an Oz-saturated 0.1 M
HCIlOs4 solution before and after 1000 cycles of ADT; (B) electron transfer number (n) before and after 1000 cycles
of ADT; (C) HAADF-STEM image of the Pd@Pto.02sAu0.975s nanocubes after 1000 cycles of ADT; (D) enlarged
image of a single Pd@Pto.025Au0.97s nanocube marked by red circle in (C) with truncated corners. The color scheme

in (A) also applies to panel (B).

5. Conclusions

In summary, controlling the ensemble state of Pt atoms in the surface of core-shell nanoparticles has been
demonstrated as an effective means to regulate the reaction pathway in ORR and thereby boost the selectivity
toward H,O». The control could be readily achieved by changing the feeding ratio between the Pt(II) and Au(III)
precursors during the synthesis. The synthesis has proven to be effective in producing a series of Pd@PtiAu;«
core-shell nanocubes with different Pt to Au atomic ratios in the shell, and thus different Pt ensemble states on the
surface. The electrocatalytic measurements further confirmed that all the samples exhibited high selectivity toward
H,0, production in ORR when compared to the commercial Pt/C catalyst. The synthetic approach is potentially
extendible to other types of nanomaterials sought for various applications [28—30].

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/oth
ers/2511131438558612/M1-25100042-Supplementary-Materials-FC-done.pdf, Figure S1: Synthesis of Pd and Pd@Au core-
shell nanocubes; Figure S2: Variation of the feeding molar ratio between the Pt and Au precursors. TEM image of Pd@PtxAui—~«
core-shell nanocubes obtained with the different Pt:Au precursor molar ratio; Figure S3: TEM image of catalyst inks; Table
S1: The Pt:Au atomic ratio in Pd@PtxAui—« nanocubes as derived from ICP-MS data; Table S2: Summary of the XPS peak
position (unit: eV) of Pd and core-shell nanocubes.
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